Heritable and acquired diseases of podocytes can result in focal and segmental glomerulosclerosis (FSGS). We modeled FSGS by passively transferring mouse podocytespecific sheep Abs into BALB/c mice. BALB/c mice deficient in the key complement regulator, decay-accelerating factor (DAF), but not WT or CD59-deficient BALB/c mice developed histological and ultrastructural features of FSGS, marked albuminuria, periglomerular monocytic and T cell inflammation, and enhanced T cell reactivity to sheep IgG. All of these findings, which are characteristic of FSGS, were substantially reduced by depleting CD4 + T cells from Daf -/-mice. Furthermore, WT kidneys transplanted into Daf -/-recipients and kidneys of DAF-sufficient but T cell-deficient Balb/c nu/nu mice reconstituted with Daf -/-T cells developed FSGS. In contrast, DAF-deficient kidneys in WT hosts and Balb/c nu/nu mice reconstituted with DAF-sufficient T cells did not develop FSGS. Thus, we have described what we believe to be a novel mouse model of FSGS attributable to DAFdeficient T cell immune responses. These findings add to growing evidence that complement-derived signals shape T cell responses, since T cells that recognize sheep Abs bound to podocytes can lead to cellular injury and development of FSGS.
Introduction
The complement system is the first line of defense against some microorganisms and an integral component of innate and adaptive immune responses to many others. Complement proteins are also important for clearing immune complexes and material derived from apoptotic cells; in so doing, they can shape the immune response to diverse antigens, including those from self and allogeneic tissue (1) (2) (3) . Activation through classical, alternative, or lectin complement pathways leads to the cleavage of C3 and C5 and generation of C3a, C3b, C5a, and C5b. The receptors for C3a and C5a are 7-span transmembrane G protein-coupled receptors of the rhodopsin family, while C3b-binding proteins are in the regulators of complement activation and β 2 integrin families. In the former is decay-accelerating factor (DAF, also known as CD55), which is encoded by 1 gene in humans and 2 in mice, in which the Daf1 product has the most relevance to human DAF (4) . DAF is important for restricting complement activation on selected cells, such as on the erythrocyte in paroxysmal nocturnal hemoglobinuria and locally on podocytes in nephrotoxic serum nephritis (5) (6) (7) . Yet an increasing repertoire of actions has been shown for DAF, such as its serving as the receptor for Helicobacter pylori (8) and leading to tyrosine kinase-mediated cellular activation when cross-linked on the surface of T cells (9, 10) . While C3b is a natural ligand for DAF, it has low binding affinity, which has led to an active search for other potential ligands, such as the 7-span transmembrane protein CD97 (11, 12) . The possibility that DAF can also modulate T cell function in vivo has been supported by studies in Daf -/-mice (13, 14) .
Though there are various inherited disorders of the podocyte, the majority of podocyte diseases are acquired and largely unexplained (15) . Focal and segmental glomerulosclerosis (FSGS) is a common and unfavorable sequel to severe podocyte injury. The characteristic ultrastructural finding in FSGS, as is also true of the often-related minimal change disease, is diffuse effacement of podocyte foot processes. It has been proposed that minimal change disease (and selected cases of FSGS) reflects a disorder of T cells, potentially through the release of cytokines, including a still unidentified "permeability factor" (16) . Considerable investment has been made in developing rodent models of minimal change disease/FSGS, including through hemodynamic and toxic podocyte stressors. We passively administered heterologous antipodocyte Abs into mice, with the expectation that host humoral immune response would amplify injury to the targeted podocytes. In BALB/c mice, DAF-deficient T cells mounted an immune response to the local podocyte-bound heterologous IgG, resulting in clinical and pathological features of human FSGS.
Results

Initial characterization of anti-podocyte antibody.
We generated sheep Abs to early passage-cultured mouse podocytes, with the intention of inducing Ab-dependent podocyte pathology; based on our past studies with rat podocytes, we anticipated disease features comparable to those of anti-Fx1A-induced membranous nephropathy (Heymann nephritis) (17) . Here, we concentrated on a sheep anti-mouse podocyte (anti-podo) Ab preparation reactive with a limited set of glomerular antigens that were distinct from those identified by nephrotoxic serum and antiFx1A, most notably type IV collagen and megalin; moreover, its reactivities were distinct from those of other Abs generated in sheep to cultured mouse podocytes ( Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI36000DS1). Upon passive administration to mice, immunofluorescence microscopy revealed sheep IgG and mouse C3 bound to the glomerular capillary wall in a relatively linear pattern. Ultrastructurally, passively transferred anti-podo Abs bound to both apical and basal domains of the podocyte surface and also were evident in intracellular podocyte vesicular structures (Supplemental Figure 2) .
In subsequent experiments in which normal C57BL/6 mice were passively administered varying doses of anti-podo Abs, sheep IgG and mouse C3 were identified bound to the glomerular capillary wall. In the subsequent autologous phase, mouse IgG was also evident within the glomerular capillary wall, consistent with the generation of an immune response to the heterologous sheep IgG. Yet in no instance was there development of glomerular disease, as shown histologically or by increased albuminuria (data not shown). To enhance the likelihood of productive disease, we subsequently studied C57BL/6 mice lacking DAF and/or CD59, with the rationale that these are the major complement regulatory proteins of mouse and human podocytes (5, 6, 18, 19 ). Yet, as in WT C57BL/6 mice, in no instance did anti-podo Abs lead to glomerular disease features of any kind (data not shown).
To evaluate whether background strain might underlie the lack of disease features in C57BL/6 mice, we subsequently studied Daf -/-Cd59 -/-BALB/c mice (≥ N10). Here, our rationale was that the BALB/c strain is relatively skewed toward Th2 immune responses, including in glomerular diseases (20, 21) , which contrasts with the Th1 response in C57BL/6 mice. In these experiments, Daf -/-Cd59 -/-mice developed albuminuria, which increased progressively over time following injection and was dependent on the quantity of anti-podo Abs. Thirty days after injection of 0, 0.17, 0.33, and 0.67 mg/g body weight anti-podo IgG, urinary albumin was 0.03 ± 0.00, 0.3 ± 0.2, 75.0 ± 28.5, and 163.4 ± 25.6 mg/mg creatinine, respectively. Thus, passively administered anti-podo Abs leads to massive albuminuria in Daf -/-Cd59 -/-mice on a BALB/c genetic background.
Anti-podo Ab-induced FSGS. Further experiments were performed to dissect anti-podo Ab-induced dose-dependent albuminuria in Daf -/-Cd59 -/-BALB/c mice. The requirements for DAF and/or CD59 deficiencies were first evaluated. While WT and Cd59 -/-mice developed relatively mild albuminuria, Daf -/-and Daf -/-Cd59 -/-mice had markedly increased albuminuria 30 days following a single injection of 0.67 mg/g body weight anti-podo IgG ( Figure  1A ) (P < 0.001). These were not different from each other but were significantly different from values from WT and Cd59 -/-mice, confirming that disease was attributable to DAF deficiency.
In glomeruli of all mice, there was prominent glomerular capillary wall deposition of mouse IgG and somewhat lesser quantities of sheep IgG, reflecting the remaining bound anti-podo Abs (Figure 1B) . There was also segmental and discontinuous C3 deposition in glomeruli from all animals. Consistent with the lack of C3 convertase regulation from absent DAF, this was of greater intensity and involved greater segments of glomeruli in Daf -/-and Daf -/-Cd59 -/-mice ( Figure 1C) .
Along with the marked albuminuria, Daf -/-and Daf -/-Cd59 -/-mice developed histological features of segmental sclerosis (representative photomicrographs from each group are shown in Figure 1D ). The fractions of glomeruli involved with segmental sclerosis/hyalinosis were enumerated by a renal pathologist (M. Haas) masked to origin of slides ( Figure 1E ). As with albuminuria, the 4 groups were significantly different (P < 0.002). Thirteen of the 15 Daf -/-and Daf -/-Cd59 -/-mice developed FSGS, in which as much as 90% of glomeruli were involved, while only 3 of 15 WT and Cd59 -/-mice developed FSGS, which affected at most 2% of glomeruli. Ultrastructural features of podocyte foot process effacement and injury along with prominent remodeling of the external side of the glomerular basement membrane were evident only in Daf -/-and Daf -/-Cd59 -/-mice ( Figure 1F ). Control WT and Daf -/-mice (n = 3 each group) given 0.67 mg/g body weight preimmune IgG (i.e., from the same sheep used to generate anti-podo Abs) failed to develop albuminuria above baseline or FSGS 30 days following injection.
Consistent with the belief that albuminuria predates and might even lead to pathological changes of FSGS, albuminuria measured at day 20 correlated strongly with FSGS scores 10 days later (r = 0.69; P < 0.01) and every animal with more than 3.0 mg urinary albumin/ mg creatinine (n = 14) had histological FSGS 10 days later. In addition to urinary and histological features of FSGS, affected animals also developed hypoalbuminemia and hypercholesterolemia, classical biochemical features of the nephrotic syndrome. Thus, in WT, Cd59 -/-, Daf -/-, and Daf -/-Cd59 -/-mice, respectively, serum albumin levels were 2.9 ± 0.2, 3.0 ± 0.2, 2.4 ± 0.1, and 2.2 ± 0.2 g/dl (P < 0.01, 1-way ANOVA), while serum cholesterol levels were 102.0 ± 1.1, 103.3 ± 4.6, 201.0 ± 10.3, and 182.0 ± 31.3 mg/dl (P < 0.05, 1-way ANOVA). These data from Daf -/-and Daf -/-Cd59 -/-mice differed little from each other but were significantly different from those of Cd59 -/-and WT mice (P < 0.05 in all instances, Tukey's pairwise comparisons). In spite of these significant disease manifestations, there was no evidence for impaired glomerular filtration, with blood urea nitrogen (BUN) values from all animals at all times in the normal range (<30 mg/dl). Thus, disease induced by anti-podo Abs in DAF-deficient BALB/c mice has features characteristic of FSGS in humans.
Immunological events occurring in anti-podo Ab-induced FSGS. There were few infiltrating neutrophils or B cells but substantial accumulations of F4/80 + monocytic and Thy-1.2 + T cells in periglomerular locations (primarily surrounding focally sclerotic glomeruli) in DAF-deficient mouse kidneys given anti-podo Abs ( Figure 2A) ; the quantities of both F4/80 + monocytic and Thy-1.2 + T cells were significantly higher than those in DAF-sufficient WT and Cd59 -/-mice (Table 1 ). Using flow cytometry as an adjunctive approach to immunohistochemical enumeration of infiltrating cells, we found approximately 3 times more F4/80 + cells than CD3 + cells in DAF-deficient kidneys with FSGS; 75%-80% of the former were also CD11c + ( Figure 2B ), consistent with a DC phenotype that is also widely distributed in normal mouse kidneys (22) . Thus, T cells and monocytic-type DCs significantly infiltrate the kidney in this experimental model of FSGS.
Given the findings of T cell accumulation and the fact that FSGS is considered to have a cellular immune basis, we evaluated T cell responses in vivo following sheep IgG administration. Initially, cellular proliferation was examined by incorporation of BrdU 10 days after anti-podo IgG administration; in these studies, there were 1.30% ± 0.11% and 0.61% ± 0.21% BrdU + splenic CD4 + cells in DAFdeficient and -sufficient hosts, respectively (P < 0.01, compared with that at day 0). Further analyses showed that DAF-deficient mice had greater activation of splenic CD4 + cells compared with DAF-sufficient mice, as evidenced by the appearance and quantification of CD62L lo and CD44 hi populations ( Figure 2C and Table  2 ). This occurred in response to both preimmune and immune (i.e., anti-podo) IgG. The increased populations of CD62L lo CD44 hi and BrdU + T cells in DAF-deficient mice exposed to sheep IgG is consistent with their having a heightened immune response that does not necessarily depend upon antigen localization (e.g., on or around podocytes) or potential downstream inflammatory events. To examine this in a more direct fashion, the appearance of sheep IgG on WT and DAF-deficient mouse PBMCs and splenocytes was evaluated after injection of nonimmune and anti-podo sheep IgG (Supplemental Figure 3) . In all experimental combinations, sheep IgG was clearly evident on PBMCs within 4 hours of injection but declined in quantity such that 7 days after injection, there was no evident sheep IgG on PBMCs or splenocytes. On a quantitative basis, WT mice given anti-podo Abs had greater PBMC-associated sheep IgG compared with the other groups; since this group had the lowest specific immune response to sheep IgG (c.f., Table 2 ), this suggests the quantity of bound antigen does not translate directly into the level of immune response. Moreover, direct binding of anti-podo to immune cells does not appear to underlie the pathogenesis of this FSGS model.
Local renal versus systemic DAF deficiency. To evaluate the relative contributions of DAF within and outside the kidney, we transplanted WT kidneys into Daf -/-recipients, and Daf -/-kidneys into WT recipients (n = 7 each group). In this protocol, transplanted kidneys and their hosts were syngeneic other than at the Daf1 gene. A single native nephrectomy was performed at the time of transplant. Following a 3-week recovery period, anti-podo Abs were administered to all animals. This approach allowed evaluation of 28 kidneys, equally divided among DAF-sufficient and -deficient donor and native kidneys. Surprisingly, the Daf1 status of the kidney was unimportant in development of FSGS; instead, FSGS occurred only in those kidneys in which there was DAF deficiency outside the kidney. Thus, DAF-deficient kidneys and WT kidneys transplanted in Daf -/-recipients developed FSGS, while Daf -/-donor kidneys and WT native kidneys in WT hosts did not develop FSGS ( Figure 3 ). Consistent with both kidneys developing FSGS in the DAF-deficient host was the urinary albumin excretion of 27.3 ± 14.0 and 0.4 ± 0.1 mg/mg creatinine in Daf -/-and Daf +/+ (WT) hosts, respectively (P = 0.006). Furthermore, the extent of FSGS in donor WT kidneys was highly correlated with that in the native Daf -/-kidneys in the same mice (r = 0.99; P < 0.001). Thus, development of FSGS in this experimental model requires extrarenal DAF deficiency.
Relative roles for humoral and cellular immune systems in experimental FSGS. Given the apparent importance of T cell responses in the development of this Ab-induced FSGS model, we depleted CD4 + cells in vivo using the mAb GK1.5 in Daf -/-mice starting 10 days after anti-podo administration; an isotype-matched irrelevant rat IgG 2b was used as control. On day 11, CD4 + cells accounted for 0.09% ± 0.01% and 34.4% ± 2.7% of total circulating lymphocytes (P < 0.01), while at euthanasia on day 30, they were 5.5% ± 1.1% and 19.9% ± 0.7% of total splenic lymphocytes (P < 0.001) in GK1.5-and control mAb-treated mice, respectively. Thirty days after antipodo Ab administration, each CD4 + cell-depleted Daf -/-mouse had lower albuminuria and histological scores for FSGS than control animals ( Figure 4A ). Furthermore, CD4 + cell depletion led to reduced renal infiltration with Thy1. Ab injection ( Figure 4B ). This approach did not affect the Daf -/-mouse humoral immune response, at least as measured by total and isotype IgG anti-sheep IgG over time and glomerular IgG on day 30 (Supplemental Figure 4) .
The collective data thus far showed that DAF deficiency outside the kidney and CD4 + cells were required for development of FSGS and that global DAF deficiency was associated with a heightened cellular immune response to sheep IgG. To further delineate the site where DAF deficiency was required, we first reconstituted T cell-deficient Balb/c nu/nu mice with enriched T cells from WT or Daf -/-mice. Because disease susceptibility tracked with DAF-deficient but not WT T cell preparations (discussed below), the possibility that other DAF-deficient cells (e.g., DCs) could have confounded these results was evaluated through further experiments using T cells highly purified by FACS. Lymphocytes were stably engrafted, and only those from WT donors expressed DAF (data not shown). In both sets of studies, Balb/c nu/nu mice with DAFdeficient T cells given anti-podo Abs developed significant albuminuria ( Figure 4C ) and increased renal infiltration with Thy1.2 + and F4/80 + cells (Table 3 ). In all but 1 mouse from each group given Daf -/-T cells, there was development of FSGS. Importantly, no mouse given partially or highly purified WT T cells developed abnormal albuminuria or FSGS (Figure 4, C and D) .
BALB/c genetic background SCID mice, deficient in both B and T cells, were also reconstituted with flow cytometry-purified WT or Daf -/-T cells and given anti-podo Abs. Not unexpectedly, given the persistent absence of B cells, neither group generated anti-sheep IgG Abs; thus, while there was heterologous sheep IgG in glomeruli in the same intensity and patterns as in previous studies, there was no identifiable mouse IgG (data not shown). Surprisingly, SCID mice with DAF-deficient T cells developed a moderate degree of albuminuria, which was 30 times that of those receiving WT T cells, which was normal (1.0 ± 0.4 and 0.03 ± 0.01 mg albumin/mg creatinine, respectively; P = 0.009). However, no mouse in either group developed histological features of FSGS. These data indicate that the full FSGS disease model requires immune responses from both B and T cells, the latter necessarily DAF deficient.
Further investigations of the humoral immune response to sheep IgG were performed. As noted previously, glomeruli of all mice had marked deposition of mouse IgG in the glomerular capillary wall with no differences among groups. Yet titers of total IgG, and IgG 1 and IgG 2a anti-sheep IgG were lower in mice lacking DAF (Daf -/-and Daf -/-Cd59 -/-) compared with those in mice that were DAF sufficient (WT and Cd59 -/-) ( Figure 5A ). To examine how DAF-deficient T cells fit into this observation, humoral responses of Balb/c nu/nu mice reconstituted with WT or Daf -/-T cells were also examined following anti-podo Ab administration. Interestingly, anti-sheep IgG, IgG 1 , and IgG 2a titers were equivalent in both groups ( Figure 5B ). These data suggest that DAF deficiency outside T cells, including on B cells and DCs, leads to a relatively lower humoral immune response to sheep IgG, yet this did not affect the development of FSGS in this model.
Discussion
Here we report what we believe is a novel murine FSGS model that occurs in the autologous phase following passive transfer of antipodo IgG Abs. Compared with previously established murine models of FSGS induced by reduction of renal mass (remnant kidney model) (23) or oxidative podocyte injury from systemic administration of puromycin aminonucleoside or adriamycin (24, 25) , our model appears to be attributable to an adaptive cellular immune response to podocyte-bound heterologous IgG. This requires mice of BALB/c genetic background lacking the complement regulatory protein DAF. Other mouse strains, including DAF-deficient C57BL/6 mice, are totally resistant to this disease. Although the fundamental bases for these strain differences remain to be determined, that this is related to genetic background is highly likely. This is consistent with differing susceptibilities of inbred mouse strains to a variety of disease models (26, 27) . For example, different patterns of nephrotoxic serum nephritis occur in C57BL/6 and BALB/c mice, which has been attributed to their respective Th1-and Th2-dominant immune responses (20, 28) . Such a mechanism is believed to underlie other glomerulonephritis diseases modeled in the mouse as well as occurring in humans (29) .
Our current model has features of human nephrotic syndrome, including progressive and severe albuminuria, hypoalbuminemia, and hypercholesterolemia. There were histological and ultrastructural features of podocyte injury, segmental glomerular sclerosis/hyalinosis, and periglomerular accumulations of T cells and monocytic cells. The latter were predominantly of DC origin, as evidenced by their bearing both F4/80 and CD11c proteins. Thus, this experimental model recapitulates features of FSGS in humans. Although there was evidence for tubulointerstitial inflammation, characteristic of proteinuric conditions regardless of underlying etiology (30) , there was no impairment of renal excretory function, which is likely the consequence of our concentrating on the acute (31) . However, the pathological processes occurred mainly in the mesangial region and there was no sclerosis/fibrosis detected in any of these mice. Thus, the 2 models induced by injection of heterologous Abs to podocytes are clearly different. The development of FSGS in ours allowed us to delve into the fundamental immune bases underlying this important disease. In this model, the development of anti-podo Ab-induced FSGS only occurred in DAF-deficient mice. Said differently, DAF prevented FSGS. The various disease features of FSGS only were present in DAF-deficient mice, whether or not they had the regulator of C5b-9 formation, CD59. While DAF-sufficient WT and Cd59 -/-mice developed mild albuminuria (~5% that in DAF-deficient Daf -/-and Daf -/-Cd59 -/-mice), the development of FSGS was totally absent in these DAF-sufficient animals. Given its widespread distribution and key role in regulating complement activation (4, 32) , DAF is protective in several experimental renal disease models, including nephrotoxic serum nephritis (5, 7), puromycin aminonucleoside nephrosis (33), chronic serum sickness (34), and renal ischemia/reperfusion injury (35) . The mechanisms of the protection still need to be clarified, with mediators including C3a and C5a acting through their cognate receptors on intrinsic renal cells and/or extrinsic inflammatory cells. That CD59 appeared inconsequential in this model contrasts with other murine models, such as nephrotoxic serum nephritis (6) and renal ischemia/reperfusion (35) , in which CD59 was relevant, thereby supporting a pathogenic role of C5b-9 formation on cells in renal pathology. These disease models occur when complement is activated by tissue-bound immune complexes formed by extrinsic or intrinsic (natural) Abs; particularly when DAF is not present to restrict C3 and C5 activation, C5b-9-mediated renal cellular injury can result. Our belief is that the present model of Ab-induced FSGS focuses cellular immunity to the site of complement activation, which is distinct from complementmediated inflammation and/or direct tissue damage in other models of Ab-induced renal diseases.
Renal transplantation was used as a tool to determine the relative contribution of systemic and local (kidney) DAF deficiency in our model of FSGS. It was somewhat surprising that WT kidneys developed anti-podo Ab-induced FSGS when present in Daf -/-hosts, while Daf -/-kidneys in WT hosts were protected from developing FSGS. Furthermore, the extent of FSGS in the native Daf -/-and transplanted WT kidneys in the same Daf -/-host were significantly correlated. These data are strong evidence that extrarenal DAF deficiency dictates whether FSGS ensues or not, while local DAF deficiency is of considerably less consequence. Recurrence of proteinuria and primary disease in FSGS patients receiving normal donor kidneys occurs at a rate of 20% to 30% (36) (37) (38) . A 30-to 50-kDa circulating molecule has been found to correlate with the recurrence of FSGS (16) , though this has not been consistently shown in other studies (39) . Thus, as with the transplant data from humans with FSGS, development of FSGS in our mouse model can be attributable to extrarenal factors. Whether there is a circulating "permeability factor" in this model as proposed in humans is the subject of our future studies.
The involvement of T cell immunity in patients with FSGS, and in particular a Th2-skewed response, has been suggested from cytokine profiles in affected patients (40, 41 ), yet there is little direct evidence for abnormal T cell immune responses in FSGS. In the current study, we used 2 approaches to assess T cells in FSGS. Recently, it has been shown that DAF has an important role in T cell immunity (13, 14) . Deficiency of DAF significantly enhanced T cell responses in mice immunized with ovalbumin together with complete Freund's adjuvant, an effect that was dependent on complement and specifically C5a (13) . Local complement alternative pathway activation facilitated by absent DAF on APCs is also essential to the hyperresponsiveness of T cells in Daf -/-mice (14) . The functional significance of enhanced T cell responses in the setting of DAF deficiency was supported by the fact that Daf -/-mice had markedly enhanced disease development in the T cell-dependent experimental autoimmune encephalomyelitis model (13) . Our present understanding of this still-unresolved topic is that DAF limits local generation of C3a/C5a, which provide important signals to APC/T cells (42, 43) . It is also notable that DAF can provide a productive second signal to the primary one delivered through CD3, at least when cross-linked by fluid phase CD97 or anti-DAF Abs (9-12). In the current study, that enhanced T cellular immune responses were attributable to DAF deficiency was supported by the fact that Daf -/-mice had significantly higher CD4 + T cell proliferation and increased numbers of CD4 + effector memory (CD62L lo CD44 hi ) T cells after exposure to both preimmune and immune anti-podo sheep IgG.
Infiltration of kidneys, particularly around diseased glomeruli with F4/80 + cells together with T cells is another important and interesting feature in this model. Renal F4/80 + cells were initially referred to as resident macrophages (44) . More recently, it has been determined that many of these renal F4/80 + cells also express CD11c and/or CX 3 CR1, consistent with a DC phenotype (45) . Renal DCs form anatomic surveillance networks throughout the renal parenchyma, serving as sentinels under normal conditions in both mice and humans (45, 46) . This surveillance function of renal DCs is supported by their ability to capture foreign antigen (22) . Renal DCs can activate T cells, which can be further enhanced in the setting of local inflammation; this is not true for splenic DC activation, indicating a specificity to local renal DC surveillance (45) . Accumulation of F4/80 + cells in disease sites has been found in different renal disease models, such as lupus nephritis (47), nephrotoxic serum nephritis (48), unilateral ureteral obstruction (49, 50) , and ischemia/reperfusion injury (51), indicating their abilities to react to myriad renal insults. In the current study, the accumulation of F4/80 + CD11c + monocytic/DCs and Thy-1.2 + CD3 + T cells was evident only in Daf -/-mice. These findings suggest an active role for DCs and T cells in the kidney and their functional connections in the development of this experimental FSGS model.
Our current study provides evidence of an Ab-induced glomerular injury model in relatively Th2-skewed BALB/c mice. When T cells lack DAF, a model recapitulating functional and structural features of human FSGS ensues. Enhanced T cell responses to sheep IgG "planted" on podocytes and accumulation of monocytic/DCs and T cells around diseased glomeruli were evident only in DAF-deficient mice. DAF-deficient kidneys were protected from FSGS when present in a DAF-sufficient host, indicating that key pathophysiological factor(s) of this disease reside outside the kidney. The fact that depletion of CD4 + cells prevented Daf -/-mice from developing FSGS and Balb/c nu/nu mice reconstituted with Daf -/-T cells but not WT T cells developed FSGS firmly implicates an enhanced cellular immune response as critical in the development of FSGS in this model.
Methods
Animals. Mice with targeted deletions of Daf1 and Cd59a were generated as described previously (7, 52) and were backcrossed onto the BALB/c background for at least 10 generations. Homozygous Daf1 -/-and Cd59a -/-mice were generated by intercrossing heterozygous mice and screened by flow cytometry as described (32, 52) . Doubly DAF-and CD59-deficient mice were generated by intercrossing Daf1 -/-and Cd59a -/-mice. T cell-deficient nude mice on a BALB/c background (CAnN.Cg-Foxn1 nu /Crl) and WT BALB/c mice were purchased from Charles River. T cell-and B cell-deficient mice on a BALB/c background (CBySmn.CB17-Prkdc scid /J) were purchased from The Jackson Laboratory. All studies were performed on animals between the ages of 10 and 12 weeks, followed the NIH Guide for the Care and Use of Laboratory Animals, and were approved by the University of Chicago Animal Care and Use Committee.
Sheep were hyperimmunized with proteins isolated from cultured mouse podocytes. Serum isolated at one time from an individual sheep was used to generate anti-podo IgG. In initial dosing studies, Daf -/-Cd59 -/-mice received a single i.p. injection of 0, 0.17, 0.33, or 0.67 mg/g body weight anti-podo Abs (n ≥ 2 per group). Five days following Ab injection, renal biopsies were performed on 1 mouse from each group.
Blood and urine samples were collected from all animals 5, 10, 20, and 30 days following anti-podo Ab administration, and mice were euthanized at the latter time point.
Based on these pilot studies, we concentrated on events 30 days after 0.67 mg/g body weight anti-podo IgG administration in WT (n = 8), Cd59 -/-(n = 7), Daf -/-(n = 8), and Cd59 -/-Daf -/-(n = 7) mice. As controls, equal amounts of preimmune sheep IgG were also given to WT and Daf -/-mice (n = 3 in each group). To characterize earlier disease features, other groups of mice were euthanized 10 or 20 days after anti-podo or preimmune sheep IgG administration. Binding of anti-podo Abs within glomeruli as well as potential binding to PBMCs and splenocytes was evaluated by immunoelectron microscopy and flow cytometry for sheep IgG, respectively, for varying times after anti-podo Ab injection.
Kidney transplantation was performed in a separate group of mice. The transplantation surgery was performed as described earlier (53) . In brief, donor mice were anesthetized and the donor left kidney was removed with artery, vein, and ureter attached and preserved in cold saline on ice. The recipient was then anesthetized, and the left kidney was excised. End-toside anastomoses of the donor renal vein, artery, and ureter to the recipient inferior vena cava, aorta, and bladder, respectively, were performed. Kidney transplantations were performed between Daf -/-and WT mice (n = 7 per group, with each animal serving as donor or recipient). Mice were allowed to recover from transplantation for 3 weeks, after which time renal function was normal. Transplanted mice received 0.67 mg/g body weight anti-podo Abs, followed 30 days later by euthanasia and harvesting of native and transplanted kidneys.
In a separate group of Daf -/-mice (n = 5) receiving anti-podo Abs, animals were given 0.2 mg anti-CD4 mAbs (clone GK1.5, provided by Yangxin Fu, University of Chicago) 10 and 17 days after anti-podo administration; such an approach has been documented to effectively deplete CD4 + cells over the period of interest for these studies (54) . Control mice received 0.2 mg isotype-matched rat IgG2b (AbD Serotec) on the same schedule. One day after each mAb treatment, peripheral CD4 + cell populations were examined by flow cytometry (FACSCanto; BD Biosciences) using anti-CD4 mAb clone RM4-5 (BD Biosciences -Pharmingen). At euthanasia 30 days after anti-podo Ab administration (and 13 days following the last GK1.5 dose), peripheral and splenic CD4 + cells were also analyzed by flow cytometry.
To dissect the role of DAF on T cells, adoptive transfers of T cells were performed as described by others (55) . In brief, spleens from Daf -/-mice or WT BALB/c mice were minced, erythrocytes were lysed with NH4Cl, and the cell suspension was passed through a 40-μm cell strainer (BD Biosciences). Enriched T cells (>85% pure) were obtained using mouse T cell enrichment columns (R&D Systems) following the manufacturer's instructions. To generate highly purified T cells (>99% pure), isolated splenocytes were incubated with PE-conjugated rat anti-mouse Thy1.2 (BD Biosciences). Thy1. Measurements from serum and urine. Blood urea nitrogen (BUN) concentrations were detected with a Beckman Autoanalyzer (Beckman Coulter). Serum albumin and cholesterol concentrations were determined with an Olympus AU400 analyzer (Olympus). Urinary albumin concentrations were measured with a mouse albumin ELISA kit (Bethyl Laboratories Inc.) and normalized to creatinine concentrations in the same urine (measured with Stanbio Creatinine Procedure No. 0400; Stanbio Laboratory) as described previously (57). Measurements from renal tissue. To evaluate renal pathological changes, kidney tissues were fixed in 4% paraformaldehyde and embedded in paraffin. 3-μm sections were stained with PAS and examined by a renal pathologist (M. Haas) masked to the origin of the slides. The number of glomeruli with segmental sclerosis and/or hyalinosis was determined and expressed as a percentage of total glomeruli observed in the entire cortical field. For immunofluorescence microscopy, 4-μm cryostat sections were fixed in ether-ethanol and stained with FITC-conjugated antibodies to mouse C3, mouse IgG (Cappel Pharmaceuticals Inc.), or sheep IgG (Sigma-Aldrich). The glomerular distribution and semiquantitative score of staining intensity (from 0 to 4) was compiled in a masked manner as described previously (57) . To observe potential ultrastructural changes induced by anti-podo Abs, renal cortical tissues randomly selected from each group of mice were processed and evaluated by electron microscopy by a renal pathologist (C. Alpers) using standard techniques (57) .
To evaluate the composition of renal cellular inf iltrates, immunohistochemistry was performed on 4% paraformaldehyde-fixed and paraffin-embedded kidney sections. Endogenous peroxidases and biotin were blocked by 0.3% hydrogen peroxide and Avidin/Biotin Blocking Kit (Vector Laboratories), with 10% normal goat serum used as a separate blocking step. The slides were then incubated with rat anti-mouse Ly-6G (Cell Sciences) for neutrophils, anti-B220 (BD Biosciences -Pharmingen) for B cells, anti-Thy-1.2 (AbD Serotec) for T cells, and anti-F4/80 (AbD Serotec) for monocytic cells, followed by goat anti-rat IgG (BD Biosciences -Pharmingen) and streptavidin-peroxidase (Sigma-Aldrich). Specifically bound Abs were detected by DAB Substrate Kit (Vector Laboratories). To quantify each cell type within renal cortices, at least twenty ×400 fields were examined by an observer masked to origin of the slides. To compare the distribution of different inflammatory cell types, double immunohistochemistry staining was performed. Slides were first stained with rat anti-mouse Thy-1.2 or anti-mouse B220 as described above. The specific Ab binding was detected by DAB development. The peroxidases and biotin in the first staining were blocked by 0.3% hydrogen peroxide and Avidin/Biotin Blocking Kit. Then the slides were incubated with rat anti-F4/80 or anti-Ly-6G as described above. Specific signal was detected by VIP Substrate Kit (Vector Laboratories). Finally, the sections were counterstained with Methyl Green (Vector Laboratories).
Flow cytometry of renal cells. We used a protocol adapted from previously published methods to isolate cells from kidneys (45) . In brief, mouse kidneys were minced into very fine pieces and digested at 37°C for 45 minutes with gentle agitation with collagenase I (2 mg/ml) and DNAse I (100 μg/ml) in HBSS/1% (v/v) BSA (all from Sigma-Aldrich). Erythrocytes were lysed with NH4Cl, and the cell suspension was passed through a 40-μm cell strainer (BD Biosciences), followed by density centrifugation through NycoPrep 1.077A (Axis-Shield). Isolated cells (~10 6 ) from each mouse were stained with F4/80-FITC (AbD Serotec), CD3-PECy5, and CD11c-PECy7 (BD Biosciences -Pharmingen). Flow cytometry was performed with a FACSCanto (BD Biosciences) and analyzed with FlowJo software, version 8 (Tree Star).
Assessments of immunological activity. For detection of circulating mouse anti-sheep IgG, IgG1, and IgG2a, 96-well plates were coated with 5 μg/ml sheep IgG. After blocking with 1% BSA, plates were incubated with serial dilutions of sera, followed by HRP-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories Inc.) or HRP-conjugated anti-mouse IgG1 or IgG2a (AbD Serotec). Specific binding was detected using o-phenylenediamine as substrate (Sigma-Aldrich) followed by measurement of OD450 in a microtiter plate reader (BioTek). Sera from normal unmanipulated WT mice and those immunized with anti-podo Abs were used as negative and positive controls in all plates. Extrapolated values (U/ml) for each mouse relative to these controls were generated in triplicate, which allowed accurate statistical comparisons among groups.
The subsets and the activation status of lymphocytes were determined. Daf -/-and WT mice received anti-podo Ab IgG, nonimmune sheep IgG, or saline (n = 3-4 per group). Incorporation of BrdU (BD Biosciences -Pharmingen) in vivo was used to evaluate T cell proliferation. Seven or 17 days after administration of anti-podo or preimmune IgG, these mice as well as further controls not injected with sheep IgG were given 1 mg BrdU i.p. daily for 3 days. Splenocytes (~10 6 cells) were isolated as described above and stained for the following cell surface markers (in varying combi- nations, with the label in parentheses; all from BD Biosciences -Pharmingen): B220 (FITC), CD3 (PE-Cy5), CD4 (allophycocyanin), CD8 (PE-Cy7), CD44 (PE), and CD62L (FITC). Intracellular staining of incorporated BrdU was performed using a standard kit according to the manufacturer's instructions (BD Biosciences -Pharmingen). Flow cytometry was then performed and analyzed as described above.
Statistics. Numeric data from all experiments were first analyzed using the graphical summary function in Minitab 15, which allowed determination of data normality (Anderson-Darling test) and 95% CIs for mean, median, and standard deviations. For some data sets, these fundamental properties were graphically depicted. Parametric and nonparametric data were then analyzed by 1-way ANOVA and Kruskal-Wallis tests, respectively. When data sets were significantly different by these measures, subsequent comparisons were made by Tukey's testing and sign CIs for parametric and nonparametric data, respectively; appropriate corrections for multiple comparisons were always incorporated in these analyses. When only 2 groups of data were generated in a given experiment, 2-sample t test and Mann-Whitney tests were used for parametric and nonparametric data, respectively. To determine whether a normally distributed data sample deviated from zero, a 1-sided/1-sample t test was used. To analyze potential correlations among data sets, Pearson product moment correlation coefficients and associated P values were calculated. P < 0.05 was considered significant.
